In recent years, several studies in Europe have associated within-city contrasts in air pollution with various health end points including mortality in cohort studies of adults, and respiratory morbidity in cross-sectional and cohort studies of children. Many of these studies have used NO 2 contrasts as the primary exposure variable, which raises the issue of whether such associations are uniquely found for NO 2 per se, or whether NO 2 acts as a surrogate for a complex mixture of combustion pollutants primarily derived from vehicular traffic. Exposure assessment in these studies has been based on dispersion modelling, on data from routine monitoring networks, on stochastic models developed from dedicated spatially resolved monitoring, or some combination of these. The results of a number of recent European studies are discussed.
Introduction
Long-term exposure to air pollution has been associated with increased mortality and morbidity in cohort studies conducted in the United States (Dockery et al., 1993; Pope et al., 1995 Pope et al., , 2002 Abbey et al., 1999; McDonnell et al., 2000; Gauderman et al., 2004; Chen et al., 2005; Laden et al., 2006) . Some other studies have not been able to replicate these findings (Lipfert et al., 2000) or have argued that air pollution exposures in the more distant past were related to mortality but not so in more recent years (Enstrom, 2005) . Most of these studies have compared subjects living in different communities, assigning air pollution exposure on the basis of central site measurements. One exception is the 7th Day Adventist Study, which has used interpolation of data obtained from many monitoring stations as a basis for assigning exposure at the home address (Abbey et al., 1999) . A recent analysis of data from the Los Angeles population participating in the ACS-II study has also assigned exposure based on interpolation of data from many monitoring stations (Jerrett et al., 2005b) . Also, within the Southern California Children's Health Study, measurements of NO 2 have been made at the home address in a sub-population, and related to asthma incidence (Gauderman et al., 2005; McConnell et al., 2006) as well as lung function growth (Gauderman et al., 2007) . This paper reviews cohort studies from Europe which have been used to address effects of long-term exposure to air pollution. Studies that have examined mortality and morbidity end points will be discussed. In most of these studies, the emphasis has been on investigating within-city contrasts in exposure. This is different from several North American studies which have tended to compare mortality or morbidity between communities rather than within communities. Within communities, major differences in ambient air pollution concentrations may exist as a result of differential distribution of sources or topographical features such as altitude. Local variations in ambient air pollution concentrations can be addressed by interpolation of data from sufficiently dense monitoring networks (e.g., Abbey et al., 1999; Jerrett et al., 2005b) . This is usually not sufficient to capture the influence of very local sources such as roadways. To assess these, various types of models have been used (Jerrett et al., 2005a) . One approach is to physically model air pollution concentrations as a function of emission, dispersion and atmospheric chemistry . Another approach is to develop stochastic models based on spatially resolved measurement programs the results of which are linked to geographic data on road networks, traffic volumes, altitude, and so on (Briggs, 2007) . The validity of either of these methods in terms of personal exposure is not yet well established, work is in progress to obtain empirical data on this (Rijnders et al., 2001; Wichmann et al., 2005; Van Roosbroeck et al., 2006) .
Mortality
Five European cohort studies have been published since 2002 that have addressed the association between air pollution exposure and all-cause and cause-specific mortality Nafstad et al., 2004; Filleul et al., 2005; Gehring et al., 2006) . Some characteristics of these five cohort studies are given in Table 1 . In addition, studies have examined specifically a relationship with lung cancer (Nyberg et al., 2000; Nafstad et al., 2003; Edwards et al., 2006; Vineis et al., 2006) .
In the Netherlands, a pilot study was conducted within a large ongoing cohort study on nutrition and cancer (van den Brandt et al., 1990) . A combination of interpolation techniques and stochastic modelling was used to estimate spatially resolved concentrations of black smoke and NO 2 at the home address (Hoek et al., 2001 ). Follow-up was from 1986 to 1994. Because the predictors were largely the same for both species, the correlation between modelled NO 2 and black smoke concentrations was high (0.85) so that separate effects of these two components could not be estimated. This study found an association between NO 2 as well as black smoke and all-cause and cardiopulmonary mortality. The relative risk (RR) per 10 mg/m 3 NO 2 for cardiopulmonary mortality was 1.27 (1.00-1.78) .
In Norway, Nafstad et al. (2004) followed some 17,000 men in Oslo from 1972 to 1998. SO 2 and NO x concentrations were modelled at the home address level. As the sources for these pollutants are rather different, the correlation between annual average modelled concentrations was 0.63, and effects could separately be addressed. No association was found between mortality and SO 2 , whereas total, cardiovascular, respiratory and lung cancer mortality were all significantly associated with NO x . When the analyses were carried out separately for four different time periods, estimated RRs remained the same. The RR for ischaemic heart disease mortality was 1.08 (1.03-1.12) per 10 mg/m 3 NO x ; the NO 2 /NO x ratio was not given, but the RR per 10 mg/m 3 NO 2 would have been higher. In France, Filleul et al. (2005) followed some 14,000 subjects for 25 years, from 1975 to 2000. This study was conducted in 24 areas in 7 French cities. NO, NO 2 , black smoke, TSP and SO 2 were all measured in the first phase of the study (1974) (1975) (1976) . SO 2 , black smoke and TSP levels were still relatively high then, with annual average black smoke levels for instance ranging from 18 to 152 mg/m 3 . NO 2 levels were between 12 and 61 mg/m 3 . Black smoke, TSP, NO and NO 2 were highly correlated (0.60-0.87) but SO 2 was essentially uncorrelated with the other components (À0.10-0.29). In 6 of the 24 areas, the monitoring site was found to be heavily influenced by local traffic, as evidenced by high NO/NO 2 ratios. After excluding these six areas, black smoke, TSP and NO 2 were all significantly associated with total mortality. NO 2 was also associated with lung cancer and cardiopulmonary mortality. The RR per 10 mg/m 3 NO 2 was 1.27 for cardiopulmonary mortality. SO 2 , in contrast, was unrelated to any type of mortality.
In Germany, Gehring et al. (2006) studied cardiopulmonary mortality in a cohort of almost 5,000 women, living in urban areas in the industrialised Ruhr area, who were followed from either 1985 or 1990 were measured at seven locations. PM 10 was estimated from TSP using a single 0.7 conversion factor. The correlation between PM 10 and NO 2 was 0.5 for annual averages, and 0.8 for 5-year averages. Both PM 10 and NO 2 were associated with all-cause and cardiopulmonary mortality. The RR for 1-year average NO 2 was 1.36 (1.14-1.63) per 10 mg/m 3 . In a two pollutant model using the 1-year averages, the association with PM 10 completely disappeared, whereas the association with NO 2 remained (RR 1.39, 1.10-1.82) (unpublished observations).
In Oslo, Norway, Naess et al. (2007) used population registry data to follow all subjects who were between 51 and 90 years old on 1 January 1992. Deaths were counted between 1992 and 1998. On an individual level, data on education, occupational class and gender were available only. Concentrations of NO 2 , PM 10 and PM 2.5 were modelled at the home address using dispersion models. The correlations between modelled pollutants were between 0.88 and 0.95 so that they could not be analysed in multi-pollutant models. Significant associations were found with CVD deaths in both men and women after adjustment for education and educational class. The RR estimated for NO 2 was about 1.05 per 10 mg/m 3 for both men and women of 51-70 years old at baseline. Effect estimates for the 71-90 year olds at baseline were not significant for NO 2 but they were for PM 2.5 . The effect estimates for PM 2.5 in this study, expressed per quartile, were 1.10 (1.05-1.16) for men and 1.14 (1.06-1.21) for women aged 51-70 years, and 1.05 (1.01-1.08) and 1.03 (1.00-1.05) for men and women aged 71-90 years at baseline, respectively. The difference between quartiles were about 4 mg/m 3 in this study so that these effect estimates would translate into RRs of about 1.08-1.35 per 10 mg/m 3 PM 2.5 . In comparison, for the same contrast Pope et al. (2002) found a RR of 1.09 for cardiopulmonary mortality in the ACS II study, and Jerrett et al. (2005b) found a RR of 1.13 in a within-city analysis of the Los Angeles part of the ACS cohort. Table 2 lists effect estimates for NO 2 or NO x and total and cardiovascular or cardiopulmonary mortality from these five Air pollution cohorts in Europe Brunekreef studies. Independent measurements conducted in The Netherlands, Stockholm, Sweden and Munich, Germany have found that within cities NO 2 is about two times higher than PM 2.5 and highly correlated (Lewne et al., 2004) . This suggests effect estimates for PM 2.5 which would be in the order of 1.2-1.3 for each 10 mg/m 3 PM 2.5 , clearly higher than the 1.06 estimate which was obtained from the ACS II study (Pope et al., 2002) . Comparability of these estimates is severely limited, however, by the differences in study design (within-city vs. between-city), and by the fact that PM 2.5 concentrations were not measured directly in any of the five European cohort studies. Interestingly, a recent cohort study from the United States has found that within-city contrasts in PM 2.5 carried a greater risk of cardiovascular death than between-city contrasts (Miller et al., 2007) . Nyberg et al. (2000) found some indication in Stockholm, Sweden that traffic-related NO 2 but not heating-related SO 2 concentrations estimated using a dispersion model were associated with lung cancer mortality in a case-control study, but only when a latency period of 20 years was taken into account. Nafstad et al. (2003) examined lung cancer incidence in a cohort of Oslo men and found that it was significantly associated with NO 2 but not SO 2 at the home address estimated using dispersion models. In an international case control study, Vineis et al. (2006) found a nonsignificant association with NO 2 concentrations obtained from background monitoring stations. Effect estimates in these three studies were highly comparable at 1.10 (0.97-1.23) in the Swedish study, 1.14 (0.78-1.67) in the international study, and 1.08 (1.02-1.15) in the Norwegian study respectively, for a 10 mg/m 3 increase in NO 2 and NO x , respectively.
Morbidity
Several European birth cohort studies have examined the association between traffic-related air pollution and development of allergy and asthma in children. Again, most of these studies have utilised within-city contrasts in air pollution concentrations. In a collaborative study, within-city contrasts in PM 2.5 , black smoke and NO 2 were examined and modelled to provide exposure assessment for ongoing epidemiologic studies on development of allergy and asthma in young children (Brauer et al., 2003) . Significant associations have been reported from these studies so far on symptoms of wheeze, upper and lower respiratory symptoms, allergic sensitisation and otitis media (Brauer et al., 2002 (Brauer et al., , 2006 (Brauer et al., , 2007 Gehring et al., 2002; Morgenstern et al., 2007) . Table 3 provides some quantitative effect estimates from these studies expressed per 10 mg/m 3 NO 2 . Further follow-up of these and other European birth cohorts is in progress and will yield valuable results in the next few years.
A Europe-wide cohort study in adults did not demonstrate significant relationships between air pollution concentration contrasts between populations living in different countries and development of respiratory symptoms and allergic sensitisation in adults, but within cities, home outdoor NO 2 was related to bronchitis symptoms (Bedada et al., 2006; Sunyer et al., 2006) . This may be related to unmeasured sources of heterogeneity in health status within Europe, which make comparison between populations living in different countries more problematic than in North America.
Other studies have addressed associations between multiple air pollutants and morbidity end points in a longitudinal setting. The Children's Health Study in California has one of the most comprehensive set of air pollutants measured in 12 communities over a number of years. Associations between NO 2 and health outcomes are sometimes stronger than associations with PM 2.5 (McConnell et al., 2003) . However, NO 2 was highly correlated in this study with PM components such as elemental and organic carbon, and associations between health outcomes and NO 2 could not be separated from those with organic carbon in this study. 
Concluding remarks
In the absence of European air quality regulations for PM 2.5 , there has been little systematic effort so far to measure population exposures to PM 2.5 in Europe over long periods of time. In contrast, measurement and modelling efforts have focused more on nitrogen oxides and black smoke or 'soot' with no other PM components or attributes measured in sufficient detail to allow joint analysis with NO 2 . Recently published cohort studies from Europe have used mostly within-city contrasts in air pollution mostly generated by differences in population and traffic density. In these studies, the air pollution mixture has mostly been characterized by measured or modelled NO 2 . Several of these studies have documented positive associations between NO 2 and all-cause and cardiopulmonary mortality. Effect estimates for NO 2 were generally not separable from effect estimates for PM metrics. In one study, NO 2 remained a significant predictor of mortality in a two-pollutant model unlike PM 10 derived from TSP measurements, which did not. Because of the different metrics used to characterize air pollution exposure, and because of the focus on within-rather than between-city differences, quantitative comparability with results obtained in North America is poor.
